sn-Glycerol-3-phosphate (G3P) or glyceryl phosphoryl phosphodiesters, the substrates of the phoBdependent Ugp transport system, when transported exclusively through this system, can serve as a sole source of phosphate but not as a sole source of carbon (H. Schweizer, M. Argast, and W. Boos, J. Bacteriol. 150:1154Bacteriol. 150: -1163Bacteriol. 150: , 1982. In order to explain this phenomenon, we tested two possibilities: repression of the pho regulon by Ugp-mediated transport and feedback inhibition by internal G3P or its degradation product Pi.
becomes inhibited after the uptake and metabolism of G3P. Using 32P-labeled G3P, we observed that little P1 is released by cells taking up G3P via the Ugp system but large amounts of P1 are released when the cells are taking up G3P via the GIpT system. Using a glpD mutant that could not oxidize G3P but which could still phosphorylate exogenous glycerol to G3P after GlpF-mediated transport of glycerol, we could not find trans inhibition of Ugp-mediated uptake of exogenous 14C-G3P. However, when allowing uptake of P1 via Pst, we observed a time-dependent inhibition of 14C-G3P taken up by the Ugp transport system. Inhibition was half maximal after 2 min and could be elicited by Pi concentrations below 0.5 mM. Cells had to be starved for P1 in order to observe this inhibition. We conclude that the activity of the Ugp transport system is controlled by the level of internal phosphate.
The Ugp (uptake of glycerol phosphate) system is a typical periplasmic binding protein-dependent multicomponent transport system specific for glycerol-3-phosphate (G3P) and glyceryl phosphoryl phosphodiesters, the diacylation products of phospholipids (5, 30) . Genes ugpB, ugpA, ugpE, ugpC, and ugpQ (26) form an operon, located at min 75 on the Escherichia coli chromosome, encoding the specific binding protein (ugpB) (2), the two membrane-bound components (ugpA and ugpE), and the subunit (ugpC) containing the ATP-binding fold, supposedly the energy module of the system. The last gene in the operon, ugpQ, encodes a peculiar enzyme, a glyceryl phosphoryl phosphodiesterase, which hydrolyzes only diesters that are in the process of being transported by the system and appear at the inner surface of the membrane. Internal phosphodiesters are not hydrolyzed (5, 34) . UgpQ is not necessary for the transport of G3P nor the transport of glyceryl phosphoryl phosphodiesters.
The ugp operon is under the control of PhoB, the central gene activator of the pho regulon (3, 31) . The pho control circuit consists of a typical two-component system, with PhoB as the response regulator and PhoR, the histidine kinase, as the membrane-bound sensor (29, 35) . The signal of phosphate surplus (repression) or phosphate limitation (derepression) is mediated via the recognition or transport of Pi by the binding protein-dependent and multicomponent uptake system Pst (36) , which by itself is also dependent in its synthesis by PhoB. The product ofphoU (25) , the last gene in thepst operon, plays a key role in the transmission of the signal, even though neither the signal nor the mechanism of its transmission is understood. The promoter of the ugp operon contains multiple copies of the typical phoB box (14, 26) , for the binding of the gene activator PhoB, designating it as a pho-controlled operon. Recently, it has been reported that ugp is in addition also controlled by the cyclic AMP-catabolite gene activator protein system (14, 32) .
Aside from extended homologies in the polypeptide carrying the ATP-binding fold that have been observed in all binding protein-dependent transport systems (13) , the remaining components of these systems (16) , in particular the binding proteins (33) , show only marginal homology. In contrast, the sequence analysis of the ugp genes revealed a surprising homology on the protein level to the corresponding genes of the binding protein-depending transport system for maltose and maltodextrins (26) . This homology can be seen in all polypeptides, but in particular between MalK and UgpC, the ATP-binding cassettes. Both proteins show an unusual long C terminus, which in the case of MalK has been identified as a target for regulation of transport activity by enzyme IlIGIc of the phosphotransferase system as well as being a regulating domain for mal gene expression (9, 17) . No such function has been found in the case of the Ugp system; in particular, it is clear that strains lacking ugpC (or any other ugp gene) are not pho constitutive whereas strains lacking MalK function are constitutive for mal gene expression (6, 28) . In a wild-type strain growing on G3P, the Ugp system is not induced because of the repression of thepho regulon by Pi released from the cell after the uptake of G3P by GlpT permease, the major G3P transport system of E. coli (27) .
The GlpT transport system (1, 12, 18) is part of the glp system mediating uptake and metabolism of glycerol, G3P, and glycerol phosphoryl phosphodiesters (20) . GlpT and all the other glp-encoded proteins are under the control of GlpR (19) , the repressor of the system, the inducer being G3P (21) . Growth on glycerol or glycerol phosphoryl phosphodiesters induces the system after metabolism of these compounds to (24) . Strains were grown at 37°C in Luria broth (LB) (24) , minimal medium A (high-phosphate medium) (24), or Tris medium (G+L [low-phosphate] medium) with the addition of various amounts of P1 (11) . In the different experiments, different growth protocols were used.
For measuring the incorporation of G3P into cellular material ( Fig. 1) , strains Brz7O and Brz8O were first grown in LB and then in G+L medium with 1 mM Pi and 0.2% maltose as a carbon source. They were 100-fold diluted into the same medium. When the optical density of the culture at 578 nm (OD578) reached 0.1, G3P was added at a final concentration of 6 mM. A 1.2-ml sample was separated, and 1 ,uCi of 14C-G3P (144 mCi/mmol) (Amersham) was added. Over a period of 7 h, 50-,A samples of this culture were filtered through Millipore filters (pore size, 0.45 ,um) and washed with 10 ml of G+L medium. The main cultures were used to measure growth by monitoring the OD578. For measuring the expression of the ugpA-lacZ fusion in Brz7O upon addition of 6 mM G3P, the same growth protocol was used.
To measure the potential repression of the pho regulon by glyceryl phosphoryl choline (GPC) (Fig. 2) , strains TL45 (ugp+) and, as a control, Brz332 (ugp) were first grown in LB and then in G+L medium with 0.2% glucose as a carbon source and 1 mM Pi as the sole source of phosphate. They were 100-fold diluted into the same medium but now containing only 0.1 mM Pi. After an OD.78 of 0.4 was reached, the growth rate had slowed down because of P1 starvation. At the time indicated in Fig. 2 , 1 mM GPC or 1 mM P1 was added. Alkaline phosphatase and OD578 were assayed throughout the experiment.
To find out whether external glycerol inhibits the Ugpmediated uptake of 14C-G3P by the formation of internal G3P (Table 2) , strain Brz35 (pst ugp+) was first grown in LB and then in minimal medium A with 0.2% maltose as a carbon source. The culture was 100-fold diluted into the same medium. After the culture reached an OD578 of 0.4, transport of G3P and OD578 were monitored. At an OD578 of 0.5, the culture was split and to one portion 1 mM glycerol was added.
To measure the release of Pi after uptake of G3P ( Fig. 3 To measure the inhibition of Ugp-mediated uptake of G3P by internal Pi in strain Brz5O3 (see Table 3 ), 1-ml samples of the washed culture were added to 0.14 ,uM (final concentration) 14C-G3P (144 mCi/mmol) and 200-pul samples were filtered, washed, and counted as described above. From the initial linear increase, the rate of uptake was calculated and is given in picomoles of G3P taken up per minute per 109 cells at room temperature.
Enzymatic assays. ,-Galactosidase activity in permeabilized cells was determined as described elsewhere (24) . Alkaline phosphatase was assayed in whole cells as described elsewhere (30) .
Determination of external 32p; liberated from internal 32p-G3P. To 0.3 ml of bacterium-free filtrate, 1 ,umol of carrier P1 and 3% trichloroacetic acid were added. Subsequently, 50 pl of 10 N sulfuric acid and 50 pI of 10% ammonium molybdate in water were added. After the addition of 1 ml of isobutanolbenzene (1:1), the mixture was vortexed vigorously for 1 min. After phase separation, 0.5 ml of the upper phase was counted with 10 ml of scintillation fluid.
GPC. GPC was synthesized by mild alkaline hydrolysis of phosphatidyl choline as described elsewhere (15) .
RESULTS
The incorporation of G3P into cellular material is slowed down when G3P is taken up by the Ugp system but not when it is taken up by the GlpT system. Figure 1 shows the intriguing phenomenon connected with the Ugp transport system: when G3P was given to cells growing on maltose and transporting G3P exclusively either by the GlpT system (strain Brz8O) or the Ugp system (Brz7O), they incorporated 14C-G3P at the same rate but only in the very first minutes (the first two time points). While the rate of incorporation of G3P mediated via the GlpT system remained high, the incorporation of G3P via the Ugp system rapidly declined (Fig. 1B) FIG. 1. Incorporation of "'C into cellular material after uptake of "'C-G3P mediated by either the GlpT or the Ugp transport system. Strain Brz70 (ugp+ gipT) (circles) and strain Brz80 (glpT+ ugp) (squares) were grown logarithmically in G+L medium with 1 mM Pã nd 0.2% maltose as a carbon source. After the culture reached an 0D578 of 0.1 (at 1.5 h), 6 mM l4C-G3P was added. entire period (Fig. 1A) ( Table 2 ). This demonstrated that it was not G3P that inhibited the Ugp system from inside and that metabolism of G3P was necessary for inhibition to take place.
Phosphate contained in G3P is released when G3P is taken up by the GipT system but much less when it is taken up by the Ugp system. The ugp-encoded transport system represents a typical multicomponent and binding protein-dependent system in which the transport of substrate is coupled to the hydrolysis of ATP. Therefore, it represents a primary pump that should function in an essentially unidirectional fashion. In contrast, the glpT-encoded system functions primarily as a G3P/Pi antiporter. To follow simultaneously the incorporation of G3P into phospholipids (the 3H label is located at the C-2 position of glycerol) as well as the release of Pi from G3P into the medium, we added a mixture of 32P-and 3H-labeled G3P to cells growing on maltose. We used two strains. One was lacking the Ugp system but contained the GlpT system; the other strain lacked the GlpT transport system but expressed the Ugp system constitutively because of a pst mutation. Both strains were growing exponentially at a generation time of 75 min in
Tris medium with 0.1 mM Pi and 1% Casamino Acids as a carbon source. The results are shown in Fig. 3 . When taken up by the Ugp system, the 3H label of G3P was initially quickly incorporated into phospholipids, but little Pi was released into the medium. After about 40 min, the incorporation stopped and resumed only after more than 2 h at a low rate. The ratio of internal 32p counts over external 32Pi (released from the inside) remained high throughout the experiment. The ratio was 3.6 after 160 min. In contrast, when G3P was transported exclusively by the GlpT system, incorporation of 3H-label into phospholipids increased exponentially and massive release of 32Pi could be observed after an initial lag period. The ratio of internal 32p counts over external 32Pi (released from the inside) in this case is 0.25 (160 min after the addition of G3P).
This demonstrated that Pi could not be released easily after G3P had been taken up exclusively by the Ugp system and had been degraded to Pi. Therefore, it appeared likely that the Ugp-mediated uptake of G3P was controlled mainly by the ability of the cells to accumulate, incorporate, or release Pi.
The biphasic kinetics of 32P and 3H incorporation into the Ugp+ GlpT-strain can be explained in the following way. The first phase represents the uninhibited G3P uptake by the Ugp system. Then G3P becomes metabolized, and its metabolic product, most likely Pi, accumulates and blocks further uptake of G3P. The medium contains low (0.1 mM) Pi. After some time, the cells experience Pi limitations, and the inhibition of Ugp by internal P1 will be relieved to a certain extent, allowing the entry of G3P to satisfy the demand for P1. Therefore, Ugp-mediated G3P incorporation will resume at a low level. possibility that a metabolic product of Pi rather than Pi itself is inhibiting G3P uptake. We believe this to be unlikely, since the initial inhibition of G3P uptake by Pi uptake was fast. We interpret the phenomenon that the time dependence of inhibition showed a second slower phase (up to 30 min) in terms of a feedback inhibition of Pst-mediated Pi transport by internal P1 itself.
We postulate that inhibition of Ugp-mediated uptake of G3P (or other substrates of the Ugp system) by internal P1 is the reason for the phenomenon that G3P, transported exclusively by the Ugp system, can be used as the sole source of phosphate but not of carbon. We envision that G3P as a carbon source contains per carbon more phosphate than is needed for cellular growth. Thus, when after the degradation of G3P the excess of P1 can no longer be secreted, it will accumulate and inhibit further uptake of the carbon source, G3P, resulting in cessation of growth. Inhibition of Ugp-mediated uptake of G3P by Pi transported via Pst is not 100%. On the other hand, strains relying exclusively on the Ugp system for the transport of G3P are completely unable to grow. Thus, we would conclude that the internal P1 values reached after Ugp-mediated uptake of G3P and its subsequent degradation to P1 must be higher than the final levels of P1 obtained by Pst-mediated Pi transport.
The function of the Ugp system in a wild-type strain is obviously geared exclusively for the utilization of low concentrations of G3P and of glyceryl phosphoryl diesters when P1 becomes limiting. Under these conditions and in the presence of an alternate carbon source, the internal concentration of P1 will control the activity of the Ugp system in such a way as to allow just enough G3P to enter in order to maintain constant Pi levels. Together with alkaline phosphatase, this is the second example of apho protein controlled by the same signal (Pi) not only on the level of expression (external P1 transported via the Pst transport system) but also on the level of activity (internal Pi). The effect of internal P1 on the activity of the Ugp system may explain the notorious variations encountered in the uptake measurements of this system (4). Thus, depending on the state and activity of Pi transport and the supply of external Pi, not only the expression of the ugp genes but also the activity of the Ugp system will vary.
The Ugp system belongs to the class of ABC transporters, multicomponent systems driven by an ATP-hydrolyzing subunit (13) . This subunit, in the case of the Ugp system, UgpC, is associated with the tightly membrane-bound pore proteins UgpA and UgpE. It is unclear where the inhibition of transport activity by Pi is being exerted. From the analogy of the Ugp system to the equivalent maltose system, in which the subunit (MalK) carrying the ATP-binding site is the target for regula-VOL. 176, 1994 on October 14, 2017 by guest http://jb.asm.org/ Downloaded from tion of transport activity (9, 17) , one would assume that inhibition of Ugp by Pi is exerted via the UgpC subunit. The observation that Vm. rather than Km is affected by Pi inhibition would also be consistent with the idea of the unspecific subunit UgpC being the target.
